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Single-photon emitters integrated into quantum optical circuits will enable new, miniaturized
quantum optical devices. Here, we numerically investigate semiconductor quantum dots embedded
to low refractive index contrast waveguides. We discuss a model to compute the coupling efficiency
of the emitted light field to the fundamental propagation mode of the waveguide, and we optimize
the waveguide dimensional parameters for maximum coupling efficiency. Further, we show that for
a laterally cropped waveguide the interplay of Purcell-enhancement and optimized field profile can
enhance the coupling efficiency by a factor of about two.
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I. INTRODUCTION
Single-photon sources (SPSs) allow for numerous fu-
ture technology applications that take advantage of well-
defined quantum light states. [1–3] SPSs enable fast in-
formation transfer via so-called flying qubits, on a very
compact and highly scalable level. Therefore, they repre-
sent a potential key element of quantum computers and
quantum communication systems based on information
transfer via single photons. [4–6]
SPSs have been demonstrated using various technolo-
gies. [1] Semiconductor quantum dot (QD) based real-
izations in principle allow for a wide spectral range, sta-
bility and compatibility with on-chip technology. [3, 7]
Integrating QDs into nanostructured semiconductor en-
vironments with further functionalities allows for effi-
cient devices with small footprint. [8–12] Semiconductor
ridge waveguides offer an opportunity to achieve good
lateral guiding of emitted photons with low propagation
loss. [13] Embedding QDs directly into such waveguides
allows for compact and efficient SPSs. [8, 14]
In such structured local environments the Purcell ef-
fect plays an important role [15], i.e., the specific sur-
rounding of an emitter modifies its spontaneous emission
rate. [16, 17] While the emission of photons into specific
modes can be enhanced, the emission into other channels
can be suppressed by means of tailoring the local mode
density. [14, 18]
In this work we numerically investigate models of QDs
embedded into on-chip waveguides. We concentrate on
a material system which has recently been realized ex-
perimentally, [8, 19] where especially the deterministic
integration of pre-selected QDs [19] is highly advanta-
geous for maximum coupling efficiency and for upscaling
to larger and more complex circuits. As the involved ma-
terials feature a low refractive index contrast, significant
amounts of radiation couple to the continuum of sub-
strate and free space modes. Therefore we naturally ob-
serve significantly smaller coupling efficiencies than what
has been demonstrated using material systems with high
refractive index contrasts. [10, 14, 20] However, the mate-
rial system under study is chosen since it can be reliably
manufactured [8, 19] and can serve as a fault-tolerant
solution for complex circuits where stable and feasible
devices need to be fabricated with high repeatability.
Firstly, the waveguide system presented here overcomes
stability issues of suspended membrane structures. Fur-
ther, the good lattice constant match of waveguide core
and cladding material of the proposed system allows for
the usage of established growing procedures. Compli-
cated and error-prone transfer, printing or underetching
techniques that are necessary for the fabrication of GaAs
on insulator or free-standing platforms are avoided.
We show that by engineering the Purcell factor and the
overlap of the QD’s emitted light field with guided modes,
the coupling efficiency β can be optimized. Specifically,
lateral waveguide truncation is proposed for significantly
enhanced and directed coupling.
II. SETUP AND METHODS
We investigate systems consisting of a single QD em-
bedded into a ridge waveguide. A schematic of the device
geometry model is shown in Figure 1. The investigated
material system is inspired by experimentally realized
and demonstrated structures. [8, 19] The waveguide is
formed by a gallium arsenide (GaAs) core of height h and
width w placed on a thick aluminium gallium arsenide
(Al0.9Ga0.1As) substrate. The small lattice mismatch be-
tween GaAs and Al0.9Ga0.1As facilitates the fabrication
of this material system. [21] A GaAs layer of thickness
ht = 50 nm prevents oxidation of the Al0.9Ga0.1As, and
the superspace is filled with air.
The QD is embedded in the waveguide core at a height
above the substrate, dz, and at a lateral displacement
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FIG. 1. Schematics of the investigated coupling geometries. a) Cross-section through the waveguide structure with geometry
parameters (waveguide height, h, and width, w, top layer height, ht, QD lateral and vertical placement, dx, dz). GaAs material
(light blue), AlGaAs (dark blue), air (light gray) and embedded QD (red cross). b) Top view of the model with a QD embedded
into a waveguide which extends infinitely in +y and −y directions. c) Top view of the embedded QD with a waveguide which is
truncated at distance dtr and extends infinitely in −y direction. The dashed lines indicate the computational domain boundaries
in the numerical simulations.
from the waveguide edge, dx, i.e., it is laterally centered
for dx = w/2. Our model considers an indium gallium ar-
senide (InGaAs) QD emitting at a free-space wavelength
of λ0 = 930 nm. As material refractive indices at this
wavelength we use nGaAs = 3.48, nAl0.9Ga0.1As = 2.94,
and nair = 1. The corresponding room temperature val-
ues [22] are extrapolated to a cryogenic operation tem-
perature of 5 K based on ref. [23].
In a first set of simulations we consider a waveguide
which extends infinitely to both directions, +y, and −y,
as shown in the top view in Figure 1b. In a second
set of simulations we investigate the impact of lateral
waveguide truncation in +y-direction on the coupling ef-
ficiency to modes propagating in the opposite direction.
A top view of this setup is shown in Figure 1c with the
truncation distance labeled as dtr.
The QD emission is modeled as time-harmonic elec-
tromagnetic field radiated by oscillating electric dipoles
polarized in the xy-plane. [24] The electric current den-
sity J of the dipole source is given by
J(r, t) = J (r) exp (−iωt) = jδ(r − r0) exp (−iωt) (1)
with angular frequency ω = c02pi/λ0, speed of light in
free-space c0, dipole position r0 and amplitude vector
j = j(cos θ xˆ+sin θ yˆ) with unit vectors xˆ, yˆ and constant
amplitude j. In our model, the polarization angle θ in
the xy-plane is randomly distributed: θ ∈ [0, 2pi]. There-
fore the average electromagnetic field generated by the
xy-polarized dipole source is described by an incoherent
superposition of fields emitted by an x-polarized (θ = 0)
and a y-polarized (θ = pi/2) dipole. [25] Correspondingly,
the average total emission power of the source Ptot can be
written as Ptot = (Px + Py)/2, where Px(y) is the power
emitted by an x(y)-polarized dipole.
The electric field E corresponding to the current den-
sity J is found as a solution to the time-harmonic
Maxwell’s equation:
∇× µ−1∇× E − ω2εE = iωJ (2)
with material permittivity ε and permeability µ. We
assume µ = µ0 and ε = εrε0 with vacuum permeability
and permittivity, µ0 and ε0, and εr = n
2.
In the following we denote the electric field solution to
a scattering problem with source term J as Es, while we
denote the electric field corresponding to time-harmonic
eigenmodes defined on the waveguide cross-section at
vacuum wavelength λ0 as Em. [26]
The impact on the spontanoues emission rate of the
QD due to its specific surrounding is known as Purcell
effect. [15] It is quantified by the dimensionless Purcell
factor Fs, that is the total emitted power Ps of the dipole
source in a structured area relative to its emission power
Pbulk in a homogenous environment with the same back-
ground material nb. Here, the subscript s denotes the
source polarization direction, and the Purcell factor is
calculated as follows: [27–29]
Fs =
Ps
Pbulk
= Ps
(
nbµ0ω
2
12pic0
|j|2
)−1
. (3)
The scattered light field, (Es,Hs), is partially coupled
to the eigenmodes of the waveguide, (Em,Hm), where H
is the magnetic field strength which in the time-harmonic
regime can be expressed as the curl of the corresponding
electric field: iωµH = ∇ × E . The power radiated into
mode m is computed by the overlap integral
Ps,m =
∣∣ 1
2
∫
Γ
Es ×Hm
∣∣2∣∣ 1
2
∫
Γ
Em ×Hm
∣∣2<
{
1
2
∫
Γ
Em ×H∗m
}
, (4)
where Γ is the waveguide cross-section.
The coupling efficiency βs,m for a source with polariza-
tion s to a mode m is then given by the mode coupling
power Ps,m normalized to the emission power Ps of the
dipole:
βs,m =
Ps,m
Ps
. (5)
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FIG. 2. Impact of waveguide geometry parameters on the emission properties of the integrated QD. a) Coupling efficiency
βxy as a function of waveguide width w and height h. b) Normalized mode coupling power P˜x,TE = Px,TE/Pbulk and c/d)
Purcell factors Fx/y for x/y-polarized dipole emitters. e) Coupling efficiency of an x-polarized QD, βx. White crosses mark
the waveguide parameter sets yielding maximum efficiency in two different regions in a), specified as WG1 and WG2 in the
following.
Here, we investigate the coupling efficiency βxy,TE of
photons emitted by an xy-polarized dipole to the fun-
damental TE mode of the GaAs waveguide structure in
Figure 1. The coupling of xy-polarized dipoles to TM
modes is negligible. Following Equation (5), βxy,TE is
determined as
βxy,TE =
Px,TE + Py,TE
Px + Py
. (6)
In the following we simplify the notation by dropping
the mode identifier, as here we are only interested in cou-
pling to TE modes, i.e., βxy ≡ βxy,TE and βx ≡ βx,TE.
We especially aim for maximizing βxy by tailoring the
waveguide geometry and the dipole source placement
within the waveguide.
In order to numerically compute the electric field dis-
tributions Es and Em and for evaluation of the integrals,
Equation (4), we use the finite element method (FEM,
solver JCMsuite). For obtaining accurate field distribu-
tions, higher-order finite-elements are applied, [26] as well
as an adaptive mesh refinement and a subtraction-field
formulation. [30] The latter allows to overcome the poor
regularity of Es caused by the singularity at the dipole
position. Transparent boundary conditions are imple-
mented using error-controlled perfectly matched layers
(PML). [31] The numerical parameters (polynomial or-
der of the FEM ansatz functions, meshing) are chosen
such that an error of coupling efficiency values better
than 0.1 % is reached.
III. RESULTS
First we investigate the coupling of light emitted from
the embedded QD into the waveguide for a setup as de-
picted in Figure 1a,b. With this, we search waveguide di-
mensions for which the coupling efficiency is maximized.
For the given waveguide core height h and width w we
compute the fundamental waveguide TE mode field dis-
tribution. The position of maximum electric field in-
tensity of this mode is then used as the position where
the QD is placed. Due to the symmetry of the problem
the lateral placement is in the center of the waveguide,
dx = w/2. The vertical placement is roughly at dz ∼ h/3,
depending on the specific set of h and w. It is lowered
from the waveguide center due to the asymmetry in the
superspace and substrate refractive indices.
We scan the waveguide height and width over pa-
rameter ranges of h ∈ [150 nm, 560 nm] and w ∈
[300 nm, 560 nm], with a scan resolution of ∆h = ∆w =
10 nm. For each parameter set we compute field distribu-
tions, Purcell factors and overlap integrals as described
in Section II.
Calculated normalized mode coupling powers P˜x,TE,
Purcell factors Fx, Fy and coupling efficiencies βxy and
βx as functions of h and w are shown in Figure 2. For
mode coupling powers and coupling efficiencies, the val-
ues relate to one propagation direction (−y) of the wave-
guide. The white areas in the sub-plots of Figure 2 mark
dimensions for which no guided eigenmodes are found.
As a result, Figure 2a shows the calculated coupling
efficiency βxy for xy-polarized dipole sources. A max-
imum value of βxy = 11 % per direction is reached for
a waveguide with geometry values w1 = 470 nm and
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FIG. 3. Dependence of coupling efficiency βxy and Purcell factor Fx/y on vertical dipole placement dz (a/c) and horizontal
dipole placement dx (b/d) for waveguide parameter set WG1 (a/b) and waveguide parameter set WG2 (c/d).
h1 = 190 nm (white cross in Figure 2a). In the fol-
lowing, the waveguide with these specific dimensions
is referred to as WG1. The β value of WG1 is com-
parable to calculations of ref. [8] where coupling of x-
polarized dipole emission into the fundamental TE and
TM mode is considered. Additionally, a second local
maximum of βxy = 9.5 % for parameters w2 = 360 nm
and h2 = 340 nm is observed (second white cross in Fig-
ure 2a). We denote this specific waveguide as WG2 in
the following. To better understand these results, we
also investigate mode coupling powers and Purcell fac-
tors calculated as in Equations (3) and (4) for different
source orientations.
In Figure 2b the mode coupling power P˜x,TE for x-
polarized dipoles normalized to the dipole emission power
in a homogenous environment Pbulk is plotted. P˜x,TE in-
creases with decreasing waveguide volume up to an opti-
mum mode confinement. In contrast P˜y,TE (not shown)
is several orders of magnitude smaller than P˜x,TE due to
the orthogonality of y-polarized dipoles and TE modes.
As expected, the coupling efficiency strongly depends on
the dipole orientation.
The Purcell factors of x- and y-polarized dipole emit-
ters inside the investigated device are depicted in Fig-
ure 2c,d. Both Fx, Fy are significantly impacted by
changing the core dimensions of the waveguide. Since
the oscillation axis of y-polarized emitters is perpendic-
ular to the direction of both dimension parameters, Fy
is more affected than Fx by a variation of h and w. The
maximum value of coupling efficiency βxy is found at a
position where emission of the y-polarized source, Fy, is
at a minimum. This is because its coupling efficiency
P˜y,TE is negligible. The maximum value is also in a re-
gion where the Purcell effect for x-polarized sources is
relatively small, which can be understood by the fact that
the variation of the values of Fx in Figure 2c is mainly
due to enhancement and suppression of emission of radi-
ation into channels which do not couple to the waveguide
mode. The overall distribution of βxy depending on the
waveguide cross-section size is therefore caused by the
complex interplay of varying mode volume and the Pur-
cell effect.
For a scattering problem with a purely x-polarized
dipole source we observe another maximum for the cou-
pling efficiency βx, cf. Figure 2e. Compared to the
coupling of xy-polarized sources to the fundamental TE
mode the global maximum value is increased to βx =
20 % and shifted to parameters w = 420 nm and h =
180 nm. This is a result of the strong dependence of β
on the dipole orientation, stated earlier. For our setup, a
full suppression of y-polarized sources would thus lead to
overall much higher coupling efficiencies. Besides, the
β-values obtained for the GaAs/AlGaAs ridge waveg-
uides are not comparable with high index contrast re-
alizations such as free-standing devices or others. How-
ever, we are interested in the potential of devices for on-
chip applications with high stability and reliablity when
manufactured. Here the proposed system outperforms
the fragility of suspended realizations and overcomes the
need for additional transfers of the core to a different
substrate.
As next optimization step, we investigate the spatial
dependence of the coupling efficiency by varying the ver-
tical and horizontal dipole position dz and dx inside the
waveguide, cf. Figure 1a. The results of this study show
a parabolic trend of βxy with varying dz (Figure 3a,c)
and dx (Figure 3b,d). For WG1, the optimum z-position
is 12 nm above the TE mode maximum z-position. How-
ever, only a slight increase of βxy by 0.3 % is observed.
For WG2, the highest coupling efficiency corresponds to
a vertical position of dz = 120 nm. Here, the optimum
z-position deviates by 13 nm from the TE mode max-
imum z-position. The correction causes an increase of
the coupling efficiency βxy by 0.3 %.
The Purcell factors Fx and Fy are roughly parabolic
functions of dz but of opposite sign than βxy, cf. Fig-
ure 3a. Their minima are at values of dz which differ
from the TE mode maximum z-position, that is the po-
sition of highest mode coupling power Px,TE (not shown).
So, the optimal vertical position for maximized βxy de-
viates from the position of the TE mode maximum as a
consequence of the Purcell effect. The horizontal dipole
position dx of maximum coupling efficiency matches the
waveguide center dx = w2/2 due to the device symmetry
along the z-axis, cf. Figure 3b. As a result of the sym-
metric waveguide setup, the Purcell factors as functions
of the horizontal dipole position dx are also symmetric
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FIG. 4. Truncated waveguide (waveguide parameter set WG2) for enhanced directional coupling: a) Dependence of coupling
efficiency βxy and Purcell factor Fx/y on the distance between QD and waveguide termination, dtr (in units of effective mode
propagation wavelength, λeff = 298.7 nm). b) Pseudo-color image of the induced <(Ex) field distribution for dtr = 1.5× λeff in
the xy-plane at the optimum dz position. A significant excitation of the fundamental mode propagating in the waveguide in
−y direction is visible. c) Same as (b) for dtr = 1.75× λeff with minimal propagation mode excitation.
around the waveguide center.
The results shown in Figure 3 can also be used for
quantifying the impact of fabrication intolerances with
regard to placement errors of the quantum dot within
the waveguide. In combination with a deterministic in-
tegration of QDs [19, 32] and high alignment accuracies,
e.g. as of 24 nm realized in ref. [32], an ideal coupling of
the QD emission to waveguide modes can be achieved.
In comparison, standard procedures, where high β values
can be reached, have low yield in successful processed
devices.
For an infinitely extended waveguide, on average, the
same number of photons will be coupled to modes, propa-
gating in −y- and +y-direction each. However, in typical
applications, emission to a specific direction is required.
To increase the coupling efficiency to a specific direc-
tion, we investigate the impact of the truncation of the
waveguide at a distance dtr, which is the lateral distance
between the dipole position and the waveguide-air inter-
face. A schematic view of this situation is illustrated in
Figure 1c. In a set of simulations we have varied the trun-
cation distance dtr for waveguide setups WG1 and WG2,
with optimized source positions. We observe a strong im-
pact on the coupling efficiency βxy, with values between
17.5 % (20.5 %) and 5 % (2 %) for WG1 (WG2). Fig-
ure 4a shows the oscillating behaviour of βxy and Fx/y as
functions of dtr for WG2. For large dtr, these amplitudes
converge to values of 15.5 % (17.5 %) and 7.5 % (4 %) for
WG1 (WG2).
The maximum βxy = 20.5 % is reached for waveguide
design WG2 with a cross-section size of 360 nm× 340 nm
and a truncation distance of dtr = 1.5 × λeff. The cor-
responding electric field distribution is visualized in Fig-
ure 4b. Figure 4c shows the field distribution (at equal
color scale) for a truncation distance such that the cou-
pling efficiency is at its minimum. Clearly, the wave-
guide mode propagating outwards at the lower compu-
tational domain boundary is at significantly lower in-
tensity than in Figure 4b. For WG1 with cross-section
470 nm × 190 nm, βxy can be tuned up to 17.5 % with a
truncation distance of dtr = 1.05× λeff.
The observed oscillations can be understood from the
following: The emission in propagation direction is mag-
nified when the standing wave field amplitude at the
dipole position is high, which means the source is at
an antinode of the interference pattern of the emitted
field, [33] yielding a high Purcell factor. Vice versa,
the emission is attenuated when the point source is at
a node position of its emitted field. Consequently, lo-
cal maxima can be found at even multiples of λeff/4,
whereas minima are at odd multiples of λeff/4, with
λeff = λ0/<(neff,TE) = 298.7 nm and neff,TE is the effec-
tive refractive index of the fundamental TE eigenmode of
the waveguide WG2. For a polarization direction with-
out significant emission into the propagation direction,
e.g. y-polarized dipoles, this effect is vanishing small.
Hence, truncating the waveguide in one propagation
direction can lead to directed emission into the other with
almost doubled coupling efficiency as a result of the tai-
lored geometry.
IV. CONCLUSION
By tailoring the cross-section of an integrated GaAs
waveguide device and its lateral geometry, a coupling ef-
ficiency of βxy = 20.5 % for collecting photons, emitted
from an embedded, unpolarized SPS in a directed wave-
guide mode is obtained in numerical simulations. We
first optimized the waveguide cross-section such that cou-
pling into the fundamental TE mode is most efficient. By
varying the horizontal and vertical emitter position, we
investigated the spatial dependence of βxy and the Pur-
cell factor. Finally, lateral truncation of the waveguide
core enables almost a doubling of βxy compared to an
6infinitly prolonged waveguide. This concept can natu-
rally be applied to other material and waveguide sys-
tems for enhanced directional coupling. Additionally, we
find a strong dependence of βxy on the dipole orientation
indicating that a full suppression of y-polarized sources
leads to overall much higher coupling efficiencies exceed-
ing 35 % for the investigated truncated GaAs/AlGaAs
waveguide design.
With this, we expect further enhancement possibilities
of βxy through additional lateral structuring, and
through usage of dedicated SPS with directed emission
properties. [34] This investigation serves for the design
of integrated waveguides [19, 34–36] and also allows to
estimate deviations from optimum coupling values due
to fabrication tolerances. This will help optimizing the
performance of compact optical devices with integrated,
efficient SPS, which will pave the way for integrated
quantum information processing.
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